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We show that the nonperturbative decay of ultralight scalars into Abelian gauge bosons, re-
cently proposed as a possible solution to the Hubble tension, produces a stochastic background of
gravitational waves which is constrained by the cosmic microwave background. We simulate the
full nonlinear dynamics of resonant dark photon production and the associated gravitational wave
production, finding the signals to exceed constraints for the entire parameter space we consider. Our
findings suggest that gravitational wave production from the decay of early dark energy may provide
a unique probe of these models.
Measurements of the current expansion rate H0 as
inferred from the acoustic peaks in the cosmic microwave
background radiation (CMB) are in tension with the value
obtained from local measurements [1–3]. Rather than
alter the expansion history at intermediate redshifts, new
physics introduced to resolve the tension must alter the
absolute scales of the low- or high-redshift anchors of the
cosmic distance scale [4, 5]. Early-Universe resolutions
thus focus on altering the high-redshift anchor, the CMB
sound horizon at recombination. For a recent review, see
Ref. [6].
In particular, an increased expansion rate before recom-
bination decreases the sound horizon. However, simply
adding more radiation [7, 8] also changes the damping
scale in a way that is increasingly disfavored by high-
precision measurements of the high-multipole damping
tail [2, 9, 10]. To avoid this, one class of proposed solu-
tions, so-called early dark energy (EDE) models, postu-
lates an additional energy component that is only tran-
siently important near recombination [11–18]. These pro-
posed solutions supposedly relieve the tension between
the early and late datasets; however, see Ref. [19].
In the simplest EDE implementations, a scalar field is
initially frozen up its potential in a homogeneous configu-
ration. The field’s mass is tuned such that it begins to
evolve near matter-radiation equality, oscillating about
the minimum of its potential. In order to redshift away
fast enough (at least as fast as radiation), the potential
must have no quadratic term about its minima. From
a particle physics perspective, this requires an explana-
tion; to avoid such extreme fine-tuning, Ref. [18] instead
proposes a model of a decaying ultralight scalar (dULS).
Instead of oscillating about a peculiar potential and red-
shifting away, the EDE scalar field decays resonantly
to dark radiation during oscillations about a quadratic
minimum.
Nonperturbative or resonant particle production is a
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common feature of early-Universe preheating after in-
flation (for reviews, see [20–22]). Substantial study has
established that these violent processes can also lead to the
copious production of gravitational waves [23–38]. The
wavelength of the produced gravitational waves (GWs) is
determined by the characteristic scale of particle produc-
tion, which must be smaller than the horizon size. During
preheating after inflation this restricts the production to
frequencies from MHz to GHz, well beyond the reach of
current or planned detectors [39–45].1
By contrast, in order to resolve the Hubble tension,
particle production due to the decay of the ultralight
scalar must occur near the time of matter-radiation equal-
ity. Since resonant particle production occurs at scales
near the horizon scale at that time, gravitational wave
emission occurs at current-day frequencies near 10−16 Hz.
CMB anisotropies constrain stochastic gravitational waves
with peak sensitivity at present-day frequencies near
10−17 Hz [48–51]. In this paper, we confront models of
ultralight scalar decay into dark photon with these con-
straints.
Background.—Following Ref. [18], we study the reso-
nant decay of an ultralight axion φ into a (dark) Abelian
gauge field Aµ described by the action
S =
∫
d4x
√−g
[
M2pl
2
R− 1
2
∂µφ∂
µφ− V (φ)
− 1
4
FµνF
µν − α
4f
φFµν F˜
µν
]
.
(1)
Here f is the axion decay constant and α is a dimension-
less coupling that parameterizes the rate and efficiency
of energy transfer. The field strength tensor of the dark
photon is Fµν ≡ ∂µAν − ∂νAµ, while its dual is F˜µν =
µναβFαβ/2, where 
µνρσ is the Levi-Civita` symbol with
1 However, high-frequency gravitational waves contribute to the
energy budget of the Universe as radiation. Constraints on the
gravitational-wave energy density from Neff [46, 47] can be used
to indirectly restrict preheating scenarios [36–38].
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2convention 0123 = 1/
√−g. Following Ref. [18], we take
the standard axion potential V (φ) = m2φf
2(1− cosφ/f).
We set c = ~ = kB = 1 and use Mpl = 1/
√
8piGN to de-
note the reduced Planck mass. We work with the “mostly-
plus,” conformal Friedmann-Lemaˆıtre-Robertson-Walker
(FLRW) metric, gµν = a
2ηµν = a
2 diag (−1, 1, 1, 1), using
primes to denote derivatives with respect to conformal
time τ .
The classical equations of motion,
A′′ν = ∂i∂iAν + ηβν
α
f
∂αφ
(
1
2
√−gαβρσFρσ
)
(2)
φ′′ = ∂i∂iφ− 2Hφ′ − a2 dV
dφ
− a2 α
4f
Fµν F˜
µν , (3)
permit solutions in which fluctuations of the gauge fields
are exponentially enhanced via a tachyonic instability
sourced by a homogeneous, rolling axion. Initially, a cos-
mological axion has some static homogeneous component
〈φ〉 = θf , expressed in terms of the initial misalignment
angle θ. As a result, the axion’s energy is dominated
by its potential, acting as a source of early dark energy
which could alleviate the Hubble tension [13]. On the
other hand, to linear order the helical polarizations of Ai
obey [52]
A±′′(k) + k
(
k ∓ α
f
〈φ′〉
)
A±(k) = 0. (4)
Thus, once the axion begins to oscillate (when the Hubble
parameter drops below ∼ mφ/3 [53]), its non-negligible
background velocity causes one of the two polarizations
to undergo tachyonic resonance, i.e., to be amplified ex-
ponentially for modes k < α/f × 〈φ′〉.
As the axion crosses zero, 〈φ′〉 changes sign and so am-
plifies the other polarization. Eventually, the gauge field
fluctuations become so large that nonlinear effects begin
to fragment the axion background, ending the phase of
tachyonic resonance. Both the initial exponential gauge
field production and subsequent nonlinear dynamics can
source a significant gravitational wave background. Grav-
itational waves correspond to the tensor part of perturba-
tions to the spatial part of the spacetime metric,
h′′ij − ∂k∂khij + 2Hh′ij =
2
M2pl
TTTij , (5)
where TTTij is the transverse and traceless part of the
stress-energy tensor Tij .
We employ numerical simulations in order to fully cap-
ture resonance, the nonlinear dynamics which terminate
energy transfer, and the resulting production of gravita-
tional waves. We solve the classical equations of motion
Eqs. (2), (3), and (5) in a homogeneous ΛCDM cosmology,
self-consistently including the contribution of the dULS
sector to the expansion rate. We discretize these equations
onto a three-dimensional, periodic, regularly-spaced grid,
computing spatial derivatives via fourth-order centered
differencing and utilizing a fourth-order Runge-Kutta
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FIG. 1. The total energy in the gauge fields (top) and the
fractional energy in the dULS sector (bottom) as a function
of redshift for various couplings α indicated in the legend. All
simulations fix mφ = 10
−26 eV, f = 1.5×1017 GeV, and θ = 2.
Dashed and solid vertical lines respectively indicate matter-
radiation equality and the favored redshift of the transition
from dark energy to matter from the analysis of Ref. [18].
method for time integration. All results presented use
grids with N3 = 7683 points, side-length L = 10/mφ,
and a timestep ∆τ = ∆x/10 = L/10N . We implement
simulations using pystella [37, 38] and provide details on
our algorithm, initial conditions, and convergence tests
in the Appendices.
Results.—In our simulations of the decaying ultralight
scalar model, we consider benchmark scenarios from
Ref. [18], taking mφ = 10
−27 − 10−26 eV so that the
dULS sector transitions from dark energy to matter-like
behavior around the favored redshift zc ≈ 16500, and we
set f = 1.5× 1017 GeV so that the dULS sector makes up
∼ 3− 4% of the Universe’s energy budget at its peak. We
fix an initial misalignment angle θ = 2 for convenience.
We comment later on the dependence of the gravitational
wave signal to slight changes in these choices.
We first verify that the dynamics of the dULS sector
qualitatively reproduce the effective fluid description em-
ployed in Ref. [18] (which we evaluate in more detail in
the Appendices). In Fig. 1 we display the energy in the
gauge fields ρA and the fractional energy in the dULS
sector, ΩdULS = (ρA+ρφ)/ρ, as a function of redshift. We
vary the coupling α from 50 to 70, spanning values large
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FIG. 2. The present-day gravitational wave spectrum emitted
by recombination (i.e., evaluated at z ≈ 1100), fixing mφ =
10−26 eV and varying α (top) and fixing α = 70 and varying
mφ (bottom). All simulations set f = 1.5 × 1017 GeV and
θ = 2. In black is the upper bound as constrained by the
CMB, computed by Ref. [50].
enough for resonance and GW production to terminate
before recombination while small enough to be reliably
resolved by our grid.
Figure 2 depicts the gravitational wave signal resulting
from the resonant production of dark photons, evaluated
at z = 1100. We compare the signal to the constraints
from a recent analysis of current data in Ref. [50].2 While
the peak of the fractional gravitational wave energy spec-
trum, reaching above 10−11, resides at larger frequencies
∼ 10−14 Hz, the infrared tail of the spectrum exceeds
constraints at frequencies . 10−16 Hz by roughly an order
of magnitude. We note that, though we are unable to
simulate larger volumes to capture even lower frequencies,
we expect the signal should continue roughly as a power
law further into the infrared, Ωgw ∝ k/k?, where k? is
2 Note that the constraints of Ref. [50] are not directly applicable
to this scenario, since they are computed from adiabatic initial
conditions—constant initial GW amplitude on superhorizon scales.
By contrast, the GWs here are actively sourced, analogous to
those in defect scenarios, e.g., Ref. [54]. However, we expect
constraints on active modes to be competitive, if not more severe
than those on adiabatic modes.
the peak wavenumber, as suggested by recent analytic
estimates of GW production in similar scenarios [55].
The analysis of Ref. [18] determined that the dULS
sector should begin to decay like radiation by a redshift
between ∼ 11000 and 5000; as a result, if this scenario is to
alleviate the Hubble tension, the associated gravitational
wave signal will be produced before recombination, z ≈
1400−1100 [49]. While the couplings we are able to study
here only probe transitions to radiation-like behavior at
the later end of this interval, our findings offer no reason
to expect the signal from models with larger couplings to
evade CMB constraints.
We now consider the dependence of gravitational wave
production on other model parameters. The scaling of the
signal with the axion mass mφ is relatively simple. From
the transfer function Eq. (A10), the present-day frequency
scales as f ∼ k/√HMpl ∼ √mφ/Mpl. While the axion
mass scales out of the dynamics, it has an effect on the
initial amplitude of gauge field vacuum fluctuations. A
lower mass sets initial fluctuations with lower amplitude,
requiring a longer period of resonance to fully deplete the
axion’s energy. However, this effect is relatively unimpor-
tant and is easily compensated for by a slight increase
in the coupling α. At smaller masses, resonance begins
later; therefore, marginally larger couplings are required
in order for the process to complete before recombination
(so that the signals are detectable). As can be seen in
the bottom panel of Fig. 2, this condition is easily met
with α = 70 and a variety of masses between 10−27 and
10−26 eV. Furthermore, the shape and amplitude of the
GW signal itself is qualitatively independent of the axion
mass mφ.
The value of the axion decay constant f is set by
the requirement that the dULS sector comprises a frac-
tion of the Universe’s energy between 3 − 4%, leaving
little room for variation. Namely, at the onset of os-
cillations, the fractional energy in the axion scales as
ρφ/ρ ∼ m2φ(θf)2/H2 ∼ (θf)2. In turn, the amplitude
of the resulting gravitational wave signal is directly pro-
portional to the square of the fraction of the Universe’s
energy residing in its source [56]. Since the signals we find
here exceed current constraints by an order of magnitude,
we do not expect the constraining power of the GW signal
to be sensitive to any uncertainty in the best-fit ρφ/ρ.
Since θ sets the amplitude of axion oscillations (and
so 〈φ′〉), its effect on the dynamics is, to linear order,
degenerate with the coupling. However, nonlinear effects
(e.g., rescattering of power to higher momenta) become
more important with larger couplings α, and so our choice
of θ = 2 allows reliable simulations with smaller couplings
that still transition the dULS sector to a radiation-like
state on the required timescales.
As a final investigation, we study whether the gravi-
tational wave signal is significantly polarized. The same
axial coupling of gauge fields to the inflaton generates a
helical gravitational wave background during inflation [57–
61], and can also imprint on the spectrum of gravitational
waves produced during preheating [36]. However, in the
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FIG. 3. The polarization components of the present-day
gravitational wave spectrum emitted by recombination (i.e.,
evaluated at z ≈ 1100) for α = 50 (top) and 70 (bottom). The
plus and minus polarizations are in blue and red, respectively,
while the total signal is portrayed in dashed black. Both
panels fix mφ = 10
−26 eV, f = 1.5× 1017 GeV, and θ = 2. In
solid black is the upper bound as constrained by the CMB,
computed by Ref. [50].
former case, the sign of the axion’s velocity is fixed dur-
ing inflation. Preheating via the axial coupling can also
complete within one (or even half an) oscillation of the
inflaton [37, 38, 52], but nonlinear effects can result in a
gravitational wave signal dominated by different helicities
at different scales. The results presented in Fig. 3 follow
in spirit. For the lowest coupling we consider, α = 50, the
axion oscillates numerous times before gauge field pro-
duction terminates, emitting an essentially unpolarized
gravitational wave background. For the largest coupling,
α = 70, the spectrum is moderately polarized at large
scales, consistent with a more substantial enhancement of
one polarization before the axion first crosses zero. While
the signal at lower frequencies arises predominantly from
the initial phase of helical tachyonic resonance, higher
frequencies are sourced by nonlinear mode interactions
which do not retain the same polarization. In summary,
it is difficult to evaluate whether the gravitational wave
background is sufficiently polarized on CMB scales to
provide a unique signature of this model; doing so likely
requires thorough study via numerical simulations in a
model-dependent way. As an aside, we note that these
findings are applicable to models of dark matter as massive
dark photons, which are produced via the same resonant
instability considered here [62–64].
Conclusions.—The rapid production of inhomogeneities
from resonant particle production can induce a significant
GW background. The amplitude of the GW signal is
largest (and so offers the most constraining potential)
when the GW source comprises a significant fraction of
the Universe’s energy budget and occurs close to the
horizon scale at the time of emission [56]. The model
considered here, which exhibits a tachyonic instability via
an axion coupled to dark photons, is especially efficient,
as has been shown in the context of preheating after
inflation [37, 38] in which case up to the entire energy
budget of the Universe may source gravitational waves.
New physics which relies on the same mechanism later
in cosmological history is subject to constraints from
direct probes of stochastic backgrounds of gravitational
waves [48, 49]. Models of early dark energy proposed to
alleviate the Hubble tension are a prime example, as their
success hinges on the new sector making up a substantial
(O(1%)) fraction of the Universe’s energy. Furthermore,
the source of early dark energy must soon decay one way
or another before recombination, pinning the relevant
length scales to those probed by the cosmic microwave
background.
In this work, we demonstrate that the decaying ultra-
light scalar model, as motivated in Ref. [18], produces a
background of gravitational waves with a peak spectral
energy fraction exceeding O(10−11) at its peak, with a
power-law tail extending into the region that is already
constrained by the CMB [50]. While we have not studied
the entire available parameter space, we show that the
requirements for the model to successfully alleviate the
Hubble tension generally coincide with those for its gravi-
tational wave signature to be constrained by the CMB.
For the parameter space we considered, we find the signal
exceeds constraints (on adiabatic modes) by an order of
magnitude. Because GWs are actively sourced in this
scenario, these constraints are not directly applicable, and
we leave a detailed computation of the CMB signatures
of these models to future work. We also point out that
resonant particle production is not a unique feature to
this model. The original single-field models of EDE ex-
hibit similar parametric instabilities which may also emit
significant GW backgrounds [15]. More broadly, our find-
ings suggest that stochastic backgrounds of gravitational
waves could provide an orthogonal probe with which to
constrain models of early dark energy.
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7Appendix A: Equations and numerical
implementation
The dynamical system, our conventions, and our nu-
merical implementation match those of Refs. [37, 38] (see
the appendices of Ref. [37] for full details), with relatively
minimal differences we describe here.
The energy density and pressure which source FLRW
expansion comprise contributions from the standard back-
ground ΛCDM model, the axion, and the gauge fields.
The spatially-averaged energy density and pressure are
ρφ(τ) ≡
〈
φ′2
2a2
+
(∂iφ)
2
2a2
+ V (φ)
〉
, (A1)
pφ(τ) ≡
〈
φ′2
2a2
− (∂iφ)
2
6a2
− V (φ)
〉
(A2)
for the axion and
ρA(τ) ≡ 1
2
〈
E2 +B2
〉
, (A3)
pA(τ) ≡ 1
6
〈
E2 +B2
〉
(A4)
for the gauge fields. Above we defined the electric and
magnetic fields
Ei =
1
a2
(
Ai
′ − ∂iA0
)
, Bi =
1
a2
ijk∂jAk. (A5)
In our simulations, we consistently include the contribu-
tions of Eqs. (A1) to (A4) to the expansion rate alongside
the background ΛCDM model.
The axion–dark-photon coupling violates parity and so
the resonantly produced gauge bosons are helical (at least
initially), which may in principle imprint on the resulting
gravitational waves. For details on the decomposition
of gravitational waves into the polarization basis, see
Ref. [36].
The present-day spectrum Ωgw(a0) is related to that
at the time of emission, Ωgw(ae), via
Ωgw(a0)
Ωgw(ae)
=
(
ae
a0
)4
ρ(ae)
ρ(a0)
, (A6)
since gravitational waves redshift like radiation. In turn,
the present-day frequency of observation is determined
from the physical momentum kphys = k/a0 via
f =
kphys
2pi
=
1
2pi
k
ae
ae
a0
. (A7)
The entropy of the Standard Model (SM) provides a
conserved quantity by which we may compute ae/a0 at
any time after the SM thermalizes. The entropy density is
s = 2pi2g?S(T )T
3/45, where T is the SM temperature and
g?S the number of effective degrees of freedom in entropy.
Combining with ρrad = pi
2g?(T )T
4/30 (where g? is the
effective number of degrees of freedom in energy density)
allows one to express ae/a0 in terms of the energy density
in radiation, g?, and g?S . Approximating g?S = g? allows
us to evaluate Eq. (A6) at any point after thermalization
as
Ωgw(a0)h
2 =
Ωrad(a0)h
2
Ωrad(ae)
(
g?(a0)
g?(ae)
)1/3
Ωgw(ae). (A8)
Likewise, Eq. (A7) may be expressed as
f =
k/2piae√
H(ae)Mpl
(
Ωrad(a0)
Ωrad(ae)
H20M
2
pl
)1/4(
g?(a0)
g?(ae)
)1/12
.
(A9)
While in general g? may be evaluated using, e.g., tab-
ulated values from Ref. [73], the effective number of rel-
ativistic degrees of freedom is fixed to 3.36 since well
before the time of our simulations. The present radia-
tion fraction Ωrad(a0)h
2 ≈ 4.2× 10−5, and the radiation
fraction at the time of emission is calculated during the
simulation. Plugging in H0 = h · 3.2 × 10−18 Hz and
Mpl = 3.7× 1042 Hz,
f =
k/ae√
H(ae)Mpl
Ωrad(ae)
1/4 × 4.33× 1010 Hz. (A10)
To set initial conditions, we begin by solving for the
dynamics of the linearized system. We evolve the Fried-
mann equations, the homogeneous and linear-order parts
of the axion’s equation of motion,
〈φ′′〉 = −2H〈φ′〉 − a2 dV
d 〈φ〉 − a
2 α
4f
〈
Fµν F˜
µν
〉
,
(A11)
δφ′′(k) = −2Hδφ′(k)−
(
k2 + a2
d2V
d 〈φ〉2
)
δφ′(k), (A12)
and the linearized equation of motion for the gauge field
polarizations,
A±′′(k) = −k
(
k ∓ α
f
〈φ′〉
)
A±(k). (A13)
While solving the linearized system, we compute the gauge
field contributions to the background dynamics by inte-
grating over the evolved gauge field modes via numerical
quadrature (as employed in Ref. [37]). We neglect the
backreaction of the gauge fields onto the axion fluctua-
tions in Eq. (A12), which is negligible even well after we
initialize the full lattice simulation.
We begin the linear evolution when H  mφ (so that
all modes are far outside the horizon) and set 〈φ〉 = θf
and 〈φ′〉 = 0. The gauge fields are initialized in the
Bunch-Davies vacuum,〈
|A±(k)|2
〉
=
1
2
√
k
, (A14)〈∣∣A′±(k)∣∣2〉 = √k2 . (A15)
8The axion acquires a nearly scale-invariant spectrum of
fluctuations during inflation,〈
|φ(k)|2
〉
=
1
k3
H2inf
2pi2
, (A16)
and δφ′ = 0. As a benchmark value, we take the inflation-
ary Hubble scale Hinf = 2×109 GeV, but our main results
are insensitive to whether the axion is even initialized
with any fluctuations.
We evolve the linear system until H = mφ, at which
point we initialize the lattice simulation. The subsequent
dynamics are identical to when the lattice simulation is
initialized when H = 10mφ, and are relatively unchanged
even if initialized at H = mφ/10. Using the background
values and power spectra obtained at this point (H = mφ),
we initialize the lattice simulation with the procedure
described in Ref. [37]. Our simulations use a grid with
N3 = 7683 points and conformal box length L = 10/mφ,
with a timestep ∆τ = ∆x/10 = L/10N .
Appendix B: Convergence tests
The simulations we present in the main text require
fairly large volumes to capture the IR tail of the gravita-
tional wave spectrum which resides at CMB frequencies,
while also sufficient resolution to capture both the initial
tachyonic resonance band and the subsequent power trans-
fer to higher momenta via nonlinear effects. As N3 = 7683
represents the largest grid size possible with our current
resources, in lieu of an ideal convergence test (fixing the
box length L while increasing N) we compare results for
two box lengths, both with N = 768. We present this
comparison for L = 10/mφ (as used for main results) and
L = 5/mφ in Fig. 4, for α = 70 (the largest coupling for
which we present results, which should require the most
resolution). Specifically, Fig. 4 depicts for each field the
final dimensionless power spectra, i.e., for a field f ,
∆f (k)
2 =
1
2pi2
1
V
∫
dΩ
4pi
k3|f(k)|2. (B1)
The results show excellent consistency, with expected
discrepancy at the largest scales in the simulation (due
to statistical variance) and negligible differences at the
Nyquist frequency.
Appendix C: Comparing to the two-fluid description
We now compare the results of the full numerical sim-
ulation, the numerical solution to the linearized system,
and the two-fluid model detailed in Ref. [18]. The latter
is described by the effective fluid equations
ρ′φ + 3aH(1 + wφ)ρφ = −aΓ(τ)ρφ, (C1)
ρ′A + 4aHρA = aΓ(τ)ρφ, (C2)
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FIG. 4. The dimensionless power spectra of A+, A− and φ
(from top to bottom), evaluated at the end of the simulation
(z = 1100), defined by Eq. (B1). All simulations fix α = 70,
mφ = 10
−26 eV, f = 1.5× 1017 GeV, and θ = 2. We compare
simulations with box lengths L = 10/mφ in solid, thin blue
and L = 5/mφ in dashed red.
where the axion equation of state is
wφ(a) = −1 + 1
1 + (ac/a(τ))3
(C3)
and the decay rate is parameterized by
Γ(τ) =
mφ
1 + (ar/a(τ))p
(C4)
with p = 30. In this effective description, the scalar
field begins to oscillate at ac, while the dULS sector
transitions to radiation domination at ar. We display the
evolution of ρφ and ρA in Fig. 5. Qualitatively, the two-
fluid model reproduces the energy transfer, but cannot
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FIG. 5. Comparing numerical solutions for the full nonlinear
system of equations (red), the linearized system (thin black),
and the effective two-fluid description of Ref. [18] (dotted
blue). Vertical lines denote the redshift of oscillation zc =
a0/ac−1 (dashed grey) and that of the transition to radiation
domination zr = a0/ar − 1 (dotted grey). For the fluid model,
we choose ac = 6.5, ar = 3.5ac to be consistent with the
dynamics of the simulation and linear solution, which take
mφ = 10
−26 eV, θ = 2, α = 70, and f = 1.5× 1017 GeV.
account for the remnant energy remaining in the axion
after resonance. This remaining energy is due to nonlinear
effects preventing the axion condensate from being totally
depleted as well as backreaction effects producing axion
particles. In addition, Fig. 5 demonstrates the validity
of the solution to the linearized system of equations in
the early stages of resonance while also exhibiting the
importance of nonlinear effects as resonance terminates.
